Abstract. Fluorescence quantum yield (QY) indicates the efficiency of the fluorescence process. The QY of many fluorophores is sensitive to local tissue environments, highlighting the possibility of using QY as an indicator of important parameters such as pH or temperature. QY is commonly measured by comparison to a well-known standard in nonscattering media. We propose a new imaging method, called quantum yield imaging (QYI), to spatially map the QY of a fluorophore within an optically diffusive media. QYI utilizes the wide-field diffuse optical technique spatial frequency domain imaging (SFDI) as well as planar fluorescence imaging. SFDI is used to measure the optical properties of the background media and the absorption contributed by the fluorophore. The unknown QY is then calculated by combining information from both modalities. A fluorescent sample with known QY is used to account for instrument response. To demonstrate QYI, rhodamine B and SNARF-5 were imaged in liquid phantoms with different background optical properties. The methanol:water ratio and pH were changed for rhodamine B and SNARF-5 solvents, respectively, altering the QY of each through a wide range. QY was determined with an agreement of 0.021 and 0.012 for rhodamine B and SNARF-5, respectively.
Introduction
Optical imaging with the use of exogenous targeted fluorescent agents (i.e., molecular imaging) is increasingly used in the preclinical setting for understanding the disease progression and the biological effects of treatments in vivo with high specificity. 1 Probes that excite and emit in the red and near-infrared (NIR) (600 to 1000 nm) allow for deep photon penetration (several mms) while minimizing tissue autofluorescence. 2 Almost all commercially available fluorescence small animal imaging systems collect planer fluorescence light emission from the tissue surface. One of the major drawbacks of these imaging setups is the inability to extract quantitative fluorescence signals or probe concentrations due to the effects of the surrounding tissue optical properties, namely absorption and scattering. Without additional correction for background optical properties, these systems are unable to provide fluorescence intensity maps that are quantitatively comparable between samples or animals. An additional complicating factor is that the intensity of the collected fluorescence is not only dependent on the fluorophore concentration, but also depends on the quantum yield (QY), which is defined as the ratio of emitted photons to absorbed photons in the respective emission and absorption wavelengths bands. 3 For some fluorophores, the QY is highly sensitive to environmental conditions such as pH, temperature, oxygen concentration, and other factors. [4] [5] [6] [7] [8] While a varying QY generally represents a challenge for quantitative fluorescence imaging, it also suggests that QY may be used as a novel microenvironmental biosensor if it can be accurately measured in vivo.
In the laboratory setting, fluorescence QY is commonly determined by comparing the fluorescence intensity of a fluorophore with an unknown QY to a standard with known QY, with both samples measured in an optically dilute media. [9] [10] [11] [12] QY determination is more difficult in tissue due to the interaction of both the excitation and emission photons with the surrounding medium, where there may be substantial attenuation due to both absorption and scattering events. However, if the optical properties at both the absorption and emission wavelengths are known, established models allow for a quantitative fluorescence signal to be extracted. [13] [14] [15] If one also assumes a known QY, quantitative fluorescence also allows for probe concentrations to be determined.
In this work, we present a new quantitative widefield imaging modality called quantum yield imaging (QYI) to first measure the probe concentration and then to determine an unknown probe QY. QYI uses a combination of spatial frequency domain imaging (SFDI) and planar fluorescence imaging to spatially map the QY of a fluorophore in diffusive media such as tissue. 16 SFDI quantifies optical properties of the diffusive media at both the excitation and emission wavelengths, and is used to determine probe concentration using absorption contrast at the excitation wavelength. This information then feeds a modified quantitative fluorescence model that corrects the planar fluorescence raw signal intensity, producing a pixel-by-pixel map of QY values in a widefield image.
14, 15 We demonstrate this method using tissue-mimicking optical phantoms and show that the QY of two fluorophores, rhodamine B, which is highly sensitive to its solvent composition, and SNARF-5, which is pH sensitive, can be quantitated and spatially mapped using QYI under a variety of experimental conditions and background optical properties. QYI may provide a new means to nondestructively determine important tissue microenvironmental parameters in vivo, such as local pH, temperature, and probe binding.
Methods
QYI combines SFDI and planar fluorescence with a modified empirical model of quantitative fluorescence. The details of each of these methods are outlined here as well as the overall methodology for combining their information outputs to generate QY maps. Then the methodology for determining the agreement of QYI is outlined, namely by extracting the QY of two fluorophores, rhodamine B and SNARF-5, each measured under a variety of experimental conditions. SFDI is used to extract optical properties from the background media in QYI. SFDI utilizes spatially modulated sinusoidal light patterns of visible or NIR light, projected at different spatial frequencies and wavelengths, to separate the relative contributions of absorption and scattering in diffusive media. 13, 16 The light patterns are modulated by a digital micromirror device (DMD) spatial light modulator. Modulation patterns are projected onto the sample during the camera integration time, typically milliseconds to 100s of milliseconds, dependent on wavelength and reflectance of the sample. The captured images are demodulated and calibrated to create diffuse reflectance maps. From these maps, optical properties (absorption and reduced scattering) can be extracted from each pixel in the image using a Monte-Carlo-based look-up table method. 17 This methodology has been implemented in multiple in vivo studies and has potential applications in subsurface tomography. [18] [19] [20] For this study, we used the OxImager RS SFDI system (Modulated Imaging Inc., Irvine, California). This system provides LED illumination up to 11 wavelengths spanning the visible to NIR and images with a 15 cm × 15 cm field of view. A set of five spatial frequencies are utilized for the extraction of optical properties: 0, 0.05, 0.1, 0.15, and 0.2 mm −1 . The imaging lens used in the system has a depth of field larger than 5 cm. The system response is determined with the use of a calibration silicone phantom of known optical properties. For data processing, both height and angle correction of SFDI are applied. 21 For this study, SFDI measurements were taken at 526 nm, near the peak absorbance of both fluorophores tested, and at 591 nm, in the emission band of the fluorophores. The same lightsource and camera were used to collect planar fluorescence images with the addition of a cleanup bandpass filter with a center wavelength at 534 nm and a 30-nm passband. A longpass filter with a cutoff wavelength of 561 nm was used in the emission band.
While there are a variety of models available to extract quantitative fluorescence, in this work, we utilized the model developed by Gardner et al. [13] [14] [15] This model is an empirical approach based on semi-infinite, homogeneous Monte-Carlo simulations. It accounts for the presence of tissue absorption and reduced scattering, assumes planar illumination, and is simplified to a one-dimensional (1-D) problem. This model can be applied to an imaging geometry by separately analyzing each image pixel.
18 SFDI provides μ a and μ 0 s at both excitation and emission wavelengths, which are used as inputs to the model to calculate a fluorescence attenuation correction factor. This factor accounts for optical absorption and scattering, and is applied to a raw fluorescence planar image. The fluorescence correction factor X 1−D is determined as follows:
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C n and k n are defined in Table 1 of Gardner et al. 14 as empirical coefficients. They are dependent on the diffuse reflectance R d . Since R d is a function of μ a and μ 0 s , it can be calculated from the values determined by SFDI measurement. δ refers to the optical penetration depth, which is calculated from μ a and μ 0 s : δðλÞ ¼ 1∕ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 3μ a ðλÞ½μ a ðλÞ þ μ 0 s ðλÞ p . A flowchart of QYI data processing is shown in Fig. 1 . In general, the determination of an unknown QY requires knowledge of the fluorophore concentration, a planar fluorescence map corrected for background optical properties, and the instrument response, which is a function of detector sensitivity, imaging geometry, and other instrument related parameters. In order to determine the unknown QY of a sample, the instrument response is first determined from a calibration phantom with known QY and known fluorophore concentration (top box of Fig. 1 ). This instrument response is then applied to the sample, which contains the same fluorophore but with unknown QY (bottom box of Fig. 1 ). More specifically, first a calibration phantom is fabricated (with no exogenous fluorophore) and SFDI is used to quantify the background optical properties of the diffuse sample over a widefield area at both the absorption and emission wavelengths for a specific fluorophore. Then SFDI is used again to determine the additional absorption (Δμ a ) at the excitation wavelength caused by the addition of an exogenous fluorophore to the sample. This Δμ a is used to determine the concentration of the added fluorophore based on the known extinction coefficient at the excitation wavelength. The solvent of the calibration phantom must be carefully controlled so that the fluorophore QY is known (e.g., the pH must be kept constant). The same information is also extracted from a sample phantom (with unknown QY). The background μ a and μ 0 s from both phantoms are then input into the Gardner model to produce fluorescence correction factors X 1−D . The fluorescence correction factor, calculated probe concentration, known QY, and the known fluorophore extinction coefficient at the excitation wavelength of the calibration phantom can be used to solve for the instrument response by combining Eqs. (2) and (23) in Gardner et al. The fluorescence correction factor, planar fluoresce image, and probe concentration of the sample phantom, together with the known instrument response, are then used to solve for the unknown sample QY at each pixel. It is important to note that this methodology requires a stable absorption cross-section regardless of environmental conditions so that the probe concentration can be calculated despite any changes in QY. Both fluorophores used in this study fit these criteria for the absorption wavelengths used.
The QY of many fluorescent dyes is known to change under different environmental conditions. Previous studies have shown that the QY of rhodamine B is sensitive to solvent effects. 7 In mixed methanol-water solvents, its QY varies from 0.52 to 0.30 while the methanol-water volume ratio changes from 100:0 to 0:100.
7 SNARF-5 (Life Technologies, Carlsbad, California) exhibits a significant pH-dependent emission shift between acidic and basic conditions and is commonly used as an intracellular pH indicator. 4 Both dyes were used to validate QYI. The absorption and emission spectra of both fluorophores were measured with a spectrophotometer (Cary 100 Bio UVVis, Varian, Palo Alto, California) and a fluorimeter (FluoroMax 3, Horiba, Kyoto, Japan), respectively. For rhodamine B, nine samples were made with varied methanol-water volume ratios For QYI experiments, measurements were conducted in liquid phantoms. The prepared liquid phantoms were poured into a 2.5 × 2.5 × 2 cm 3 well embedded in a diffuse silicone phantom. In the rhodamine B experiments, the liquid phantoms had water/methanol mixtures as the solvent, nigrosin as absorber, and titanium dioxide as the scattering agent. For SNARF-5 experiments, phosphate buffered saline was used as solvent due to its low solubility in water. Nigrosin was used as the absorber and 1.1-μm polystyrene microspheres as the scatterer, and pH was varied by adding either hydrochloric acid (HCl) or sodium hydroxide (NaOH). The background optical properties were adjusted by varying the amounts of absorbers and scatterers. Figure 2 shows the absorption spectrum of rhodamine B plotted from 450 to 650 nm, and the emission spectrum from 561 to 660 nm, with an excitation wavelength of 526 nm. 526 and 561 nm correspond to the center wavelength of the illumination LED in both SFDI and fluorescence modes, and the cutoff wavelength of the long-pass filter in fluorescence mode, respectively. The solvent methanol-water ratio was varied to change the QY. Importantly, the absorption of rhodamine B was relatively stable while the emission changed dramatically with solvent.
Results

Quantum Yield Imaging for Rhodamine B
To validate the QYI method, a series of 54 liquid phantoms were prepared, each with a different combination of solvent and optical properties. For simplicity, the concentration of rhodamine B was kept at 3 μM for all liquid phantoms. This concentration was determined to be in the linear range of fluorescence emission, avoiding quenching and reabsorption effects. At each of the nine methanol-water mixture ratios Table 1 ). Note that the background optical properties of the liquid phantoms were measured without the presence of fluorescent dye, after which the dye was added to the liquid phantoms and then the fluorescence intensities were measured. The fluorophore concentration was calculated by comparing optical absorption at the excitation wavelength before and after adding the fluorophore, and with knowledge of rhodamine B's extinction coefficient at this wavelength. For each of the 54 liquid phantoms, the QY was determined by averaging within a region-of-interest corresponding to each liquid phantom and comparing these to literature values as shown in Fig. 3 . Each colored dot represents a separate liquid phantom and different dot colors correspond to unique excitation wavelength background optical properties. The solid black line indicates known QYs from literature. 7 The QYI method also allows spatial mapping of QY on pixelby-pixel basis. A series of nine liquid phantoms were made and poured into nine wells embedded in a diffuse silicone phantom. These nine phantoms were imaged with SFDI and planar fluorescence, and pixel-level QY information was extracted as shown in Fig. 4 . Figure 4 (b) shows raw fluorescence, which is highest in the liquid phantoms with the lowest background absorption [(b), left column]. Figure 4 (c) shows QY spatial mapping, demonstrating that correct QYs can be extracted regardless of background optical properties. The predicted and measured average QY in each well were within a 10% agreement on average. The image processing for spatial mapping was performed in MATLAB® (Mathworks, Natick, Massachusetts). The optical property maps of the background phantom were denoised by a close operation with a disk-shape template of 5-pixel radius, followed by median filtering with a 5-by-5 pixel neighborhood around each pixel. The computed QY maps were filtered by 10-by-10 median filtering. For the rhodamine B experiments, the overall agreement for QY determination was 0.021. This was calculated by determining the differences between the measured QYs and the literature values for each optical property combination, and then averaging over the entire experiment.
Quantum Yield Imaging for SNARF-5
The QY of SNARF-5 was measured under varying pH conditions to demonstrate the ability of QYI to perform as a noninvasive pH indicator. First, the absorbance and emission spectra of SNARF-5 were measured under different pH conditions in nondiffuse media using a spectrophotometer and fluorometer. Figure 5 shows the absorption spectrum of SNARF-5 collected from 400 to 700 nm, and the emission spectrum from 561 to 850 nm, with an excitation wavelength of 526 nm. The QY of SNARF-5 was calculated by comparing these measurements to the spectra of a rhodamine B sample with 50:50 methanolwater solvent compositions. The rhodamine B sample has a known QY and was measured under the same spectrophotometer and fluorimeter settings. Results are listed in Table 2 , which shows that the QY of SNARF-5 becomes larger with increasing pH. Additionally, the QY plateaus at both high and low pH values. QYI of SNARF-5 was tested in a 4 × 4 set of liquid phantoms, with four pH conditions (pH ¼ 6.07, 7.11, 8.36, and 9.30) and four different background optical property combinations. The pH was measured with a pH meter (Oyster-10, Extech Instruments, Nashua, New Hampshire). The optical properties of each of the four liquid phantoms are shown in Table 3 . For simplicity, the concentration of SNARF-5 was kept at 3 μM for all phantoms. QYs were extracted and compared to standard values, as shown in Fig. 6 . Each colored dot in Fig. 6 represents a liquid phantom and dot color indicates a unique combination of background optical properties. Calculated QYs are within 20% of known values. This is inferior to the rhodamine B experiments (10%), likely due to the fact that SNARF-5 QYs are generally much lower than those of rhodamine B, leading to larger percent differences. Calibration phantoms had a pH of 7.79.
To demonstrate spatial mapping of QY for SNARF-5, a series of four liquid phantoms were measured, and pixel-level QY information was extracted, as shown in Fig. 7 . Figure 7 To illustrate a dynamic, time-varying spatial mapping of QY, a 160-ml liquid phantom was made in a 10.55 × 6.82 × 2.23 cm 3 well embedded in a diffuse silicone phantom. SNARF-5 was added at a concentration of 3 μM, with phantom background optical properties of μ a ¼ 0.016 mm −1 and μ 0 s ¼ 0.533 mm −1 at 526 nm. Sequential ml samples of 1 M HCl or 1 M NaOH were added from the upper left corner of the well with a pipette. HCl/NaOH diffused through the media, causing the local pH of the liquid phantom to change, and consequently the local QY. After the diffusion process, the liquid phantom was manually mixed and the pH was measured with a pH probe for validation. SFDI measurements were taken only once at baseline to determine the optical properties of the phantom, as well as the absorption caused by the introduction of the fluorescent dye. After that, the assumption was made that the optical properties were stable over time and only the planar fluorescent measurement was repeated, providing QY maps at 3-s intervals (each frame had an integration time of 2 s).
In order to link sample pH values to QY measurements, a sigmoid function was used to fit to data from Table 2 . The fitted function is as follows: 
:
The pH of the sample was then extracted from QY values and a corresponding pH movie was created ( Fig. 8 and Video 1). The pH was measured by the pH probe four times in total. Before adding any HCl/NaOH, the pH was measured as 7.54, and the average pH from the extracted QYI pH map was 7.46 (SD ¼ 0.11). After adding 0.64 ml 1 M HCl and manual mixing, the pH was measured as 6.85, and the average pH from the pH QYI map was 6.74 (SD ¼ 0.17). Then after adding another 0.64 ml 1 M HCl and the manual mixing, the pH was measured as 6.17, and the average pH from the pH map was 4.58 (SD ¼ 0.55). In the end after adding 1.28 ml 1 M NaOH and manual mixing, the pH was measured as 7.54, and the average pH from the pH map was 7.41 (SD ¼ 0.16). This dynamic process is shown in Video 1; Fig. 8 shows two frames from the movie.
Discussion
We have demonstrated a new imaging method, called QYI, which uses SFDI and planar fluorescence to extract QY values from a fluorescent dye within an optically diffusive background. QYI extends prior quantitative fluorescence methods which assume a constant and known QY for a given fluorophores of interest. [13] [14] [15] 18 By separately measuring fluorophore concentration in the relatively stable absorption band, we are able to determine the QY of the fluorophore by correcting the raw planar fluorescence signal in the emission band, where fluorescence intensity changes greatly with environmental conditions. QYI was demonstrated using two fluorophores, rhodamine B and SNARF-5, which are sensitive to solvent and pH conditions, respectively. The QY of these fluorophores was measured and validated in optical phantoms with different background optical properties. Additionally, pixel-level mapping of optical properties with SFDI allowed for spatial mapping of QY for both of the fluorophores. Finally, Video 1 was made showing dynamic changes of both QY and environmental pH values using the SNARF-5 dye.
The QY-pH relationship suggests in vivo spatial mapping of local tissue pH as one of the potential future applications of this method. Due to absorption and scattering, measuring pH and other parameters is currently difficult in thick tissue. For example, pH is currently measured in tissue with either invasive probes or ratiometric pH dyes. 22, 23 Invasive probes have limited applicability to longitudinal studies, and ratiometric dyes may be unreliable in thick tissue due to the wavelength dependence of optical properties. In addition, invasive probes are applicable for measuring pH at only a single or a few locations in tissue. There has been some work done in using fluorescence lifetime measurements to determine pH conditions in tissue, but this requires relatively complex and expensive pulsed laser systems and time-correlated single photon counting techniques. [24] [25] [26] [27] Moreover, fluorophores which are sensitive to temperature, oxygen content, or protein binding can also be used with QYI, potentially allowing a variety of microenvironmental conditions to be determined noninvasively.
Several assumptions were made in this study in order to simplify the processing required to generate QYI maps, and there are limitations to the use of this methodology for certain applications. For example, the Gardner model assumes homogeneity in depth, which may limit the method's use for some in vivo applications. Additionally, QYI requires the use of a dye with a stable absorption band, which was the case for both rhodamine B and SNARF-5 at the wavelengths used here, but does not apply for all molecular imaging agents. Additionally, SFDI measurements were required before and after adding the fluorophore to the diffuse background in order to determine the probe concentration prior to calculating the QY, limiting the use of QYI for some real-time applications. The agreement between expected and measured QY was within 10% for rhodamine B experiments and within 20% for most SNARF-5 experiments, validating the calibration procedures used for this study, although care should be taken in future investigations in regards to more complex sample geometry, collection geometry, and wider ranges of fluorophore concentrations. Despite these requirements and limitations, QYI imaging should still be useful for in vivo preclinical imaging, and the methodology is amenable to the use of more complex quantitative fluorescence models that would allow for tomographic reconstructions with depth resolved information. Additionally, these same methods are applicable to quantitative spectroscopic modalities such as frequency and time-domain diffuse optical systems if combined with fluorescent measurements, providing deeper tissue depth penetration and possible in vivo human applications. In summary, QYI is able to extract fluorophore QY regardless of background optical properties, highlighting the possibility of using QYI with environmentally sensitive fluorophores to create novel biomarkers to probe tissue microenvironment in vivo.
